Introduction
============

Gilles de la Tourette syndrome (GTS) is a childhood-onset syndrome characterized by the presence and persistence of motor and vocal tics. Convergent results from neuropathological and neuroimaging studies strongly support a dysfunction of cortico-striato-pallido-thalamo-cortical (CSPTC) networks in GTS ([@awu311-B35]). Namely, neuropathological studies showed an aberrant distribution of interneurons in the caudate nucleus and putamen ([@awu311-B22]; [@awu311-B23]) and both gain ([@awu311-B22]) and loss of projection neurons ([@awu311-B18]) was reported in the globus pallidus. Corroborating these neuropathological data, numerous structural and functional neuroimaging studies also pointed to grey matter abnormalities within CSPTC pathways in GTS both in the cortex and in the basal ganglia (for review see [@awu311-B61]).

Nonetheless, little is known about white matter organization of CSPTC pathways in GTS. Indeed, several neuroimaging studies using diffusion tensor imaging techniques pointed to structural changes in cortico-striatal pathways, the corpus callosum and the internal capsule ([@awu311-B56]; [@awu311-B3]; [@awu311-B39]) as well as cortico-striatal pathways ([@awu311-B16]). These changes have been suggested to result both from compensatory white matter reorganization ([@awu311-B20]) and primary axonal myelinization deficits ([@awu311-B39]).

None of the studies performed to date addressed the question of structural integration among the cortex, basal ganglia structures and thalamus in GTS. In this study, we tested the hypothesis that deviant brain development in GTS would affect structural connectivity in input and output basal ganglia structures. We also address the question of white matter microstructure in patients with GTS.

Indeed, previous functional neuroimaging studies suggested delayed functional maturation of cortico-cortical and cortico-basal ganglia network both in child ([@awu311-B6]) and adult ([@awu311-B62]) patients with GTS. To date, the biological substrate of this putative brain maturation deficit in GTS remains unknown. In primates including humans, the typical brain development is characterized by an initial increase in neural connections, which is followed by elimination of neuronal axons ([@awu311-B25], [@awu311-B26]; [@awu311-B29]). This axonal pruning during brain maturation presumably allows for a more efficient network of brain connections ([@awu311-B53]; [@awu311-B27]). Age-related increases in the volume of white matter during brain development likely results from increases in axonal calibre and ensheathment ([@awu311-B50]; [@awu311-B63]). Consequently, defects of axonal pruning as well as myelinization in GTS could lead to a less efficient function of CSPTC networks and ultimately to the development and persistence of various symptoms.

To address the aforementioned questions, we used and further implemented recently developed streamline probabilistic tractography algorithms ([@awu311-B32]), which allowed us to quantify the structural integration of CSPTC networks in GTS. To further investigate the microstructure of white matter, we also evaluated fractional anisotropy and radial diffusivity (λ~⊥~) in these pathways. In white matter, fractional anisotropy is sensitive to several neurobiological features, namely to the relative alignment of individual axons and their packing density ([@awu311-B41]). Radial diffusivity is related to histological measure of myelin density and integrity ([@awu311-B21]). Taken together, these measures allowed us to evaluate white matter density and myelinization of CSPTC networks in GTS.

We primarily focused on adult patients with GTS, as we believe this population offers important insights regarding the mechanisms of symptom persistence and maintenance. Firstly, adult patients with GTS usually display a stable clinical phenotype ([@awu311-B34]). Secondly, the persistence of GTS symptoms in adulthood was suggested to result from structural alterations affecting cortico-striatal circuits and a failure of compensatory plastic changes ([@awu311-B43]; [@awu311-B10]).

Materials and methods
=====================

Subjects
--------

The local ethics committee approved the study and all participants gave written informed consent prior to the study. Sixty patients with GTS and 30 control subjects were initially included in the study. After quality check of the data based on the presence of movement artefacts, 49 patients with GTS and 28 healthy controls were finally included in the study. The groups were matched for gender (males/females: 34/15 versus 17/11; *P* = 0.43, χ-test) and age \[years, mean ± standard deviation (SD): 29.89 ± 10.29 versus 29.70 ± 11.35, *P* = 0.94, two-sample *t*-test\].

Previous to enrolment in the study, patients were recruited from the French national reference centre for GTS in Paris and examined by a multidisciplinary team. Axis I psychiatric disorders were assessed using the Mini International Neuropsychiatry Inventory by an experienced psychiatrist. The severity of tics and obsessive-compulsive disorder (OCD) symptoms was assessed using the Yale Global Tics Severity Scale (YGTSS) and Yale Brown Obsessive Compulsive scale (Y-BOCS), respectively.

For patients, inclusion criteria were aged above 18 years and confirmed DSM-IV-TR criteria for GTS. Exclusion criteria were (i) co-occurring psychopathology (current depression, substance abuse excluding tobacco, current or previous history of psychosis); and (ii) contraindications to MRI examination. Control subjects' inclusion criteria were: aged above 18 years and no history of neurological or psychiatric disorders. The exclusion criteria were the same as for patients plus previous history of tics (childhood tics) and any type of medication, excluding contraceptive pills for females.

Image acquisition
-----------------

Data were acquired using a 3 T Siemens Trio TIM MRI scanner with body coil excitation and 12-channel receive phased-array head coil.

Anatomical scans were acquired using sagittal 3D T~1~-weighted magnetization-prepared rapid acquisition gradient echo sequences (field of view: 256 mm; repetition time / echo time / inversion time: 2300 ms / 4.18 ms / 900 ms; flip angle: 9°; partial Fourier 7/8; one average; voxel size: 1 × 1 × 1 mm^3^). Diffusion weighted scans were acquired using sequences of 50 directions with a B-factor of 1000. Sixty-five slices were acquired with the following parameters: matrix 128 × 128, repetition time: 12 s; echo time: 87 ms; voxel size: 2 × 2 × 2 mm, partial Fourier factor of 6/8, and a grappa factor of 2, read bandwidth of 1502 Hz/pixel.

Image preprocessing
-------------------

### T~1~-weighted data

Before analysis, T~1~-weighted images were visually inspected by a trained operator to detect any motion and were discarded when motion was detected, as they would prevent the definition of an accurate anatomical frame.

Whole brain masks for each subject were extracted from T~1~-weighted data using BrainVISA/Morphologist ([@awu311-B31]). A tractography mask was computed from a whole brain mask of each subject using a previously described procedure ([@awu311-B17]). This mask is based on anatomical information and is therefore more accurate that the classical tractography masks computed using a fractional anisotropy map threshold.

The striatum (caudate nucleus and putamen), globus pallidus (as unit including external and internal segments) and thalamus were segmented in each hemisphere of each subject using BrainVISA/Nucleist ([@awu311-B33]). Basal ganglia and thalamic volumes were measured and normalized by the total brain volume calculated from the whole brain mask. An expert (Y.W., S.o.L.), blinded to the group status of subject, checked and if necessary manually corrected the automatic segmentations.

Cortical surface and labelling of cortical gyri were obtained using Freesurfer v5.0 ([@awu311-B15]; [@awu311-B9]). The mesh of each subject was resampled to obtain a node-to-node correspondence between subjects ([@awu311-B57]). In total, 34 cortical regions in each hemisphere were included in the final analysis ([Supplementary Fig. 1](http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/awu311/-/DC1)).

### Diffusion-weighted data

The outliers due to spikes or motion were detected and corrected using a procedure previously described ([@awu311-B11]) and implemented in BrainVISA/Connectomist-2.0 ([@awu311-B12]).

The distortions produced by susceptibility effects due to the existence of local field inhomogeneities were estimated using the acquired B0 field map and corrected using the BrainVISA/Connectomist 2-0 toolbox. Spikes or vibration effect and eddy currents due to the commutation of strong diffusion gradient pulses, were corrected using the Quality Check pipeline of the Connectomist toolbox used in this study ([@awu311-B12]). Movement artefacts were detected through a comparison with the corresponding null b-value slice and corrected using an interpolation in the q-space ([@awu311-B11]). This correction could be applied if \<20 of the 50 directions were not corrupted by movements. If the movements of the subject affected \>20 directions, the subject was discarded from final analysis.

Diffusion-weighted data and B0 data, as well as diffusion-weighted and T~1~-weighted data were matched using a mutual information-based registration technique. The analytical Q-Ball model was applied to estimate the local underlying orientation distribution function (ODF) using a spherical harmonics order 6 and a regularization factor equal to 0.006 ([@awu311-B8]). Whole brain connectivity was inferred within the previously defined domain of propagation using a streamline probabilistic tractography algorithm ([@awu311-B42]) available in BrainVISA/Connectomist-2.0.

Connections of cortical areas with striatum and thalamus
--------------------------------------------------------

A detailed method description of cortico-striatal and thalamo-cortical tracts selection can be found in [@awu311-B32]. Briefly, a tract was considered to intersect a nucleus (striatum or thalamus) if a minimum portion of length of the tract under consideration intersects the nucleus (typically 1.5 mm). To take into account the putative residual distortions remaining between the diffusion-weighted data and the T~1~-weighted data, a tract was considered to intersect a cortical area if its distance to its low band falls down to 2 mm ([Fig. 1](#awu311-F1){ref-type="fig"}A). Only direct connections between striatum and cortex or thalamus were considered in the analysis: all connections going through another nucleus were discarded. The tracts were first resampled to a resolution of 0.5 mm between two consecutive points, which corresponds to half of the resolution of T~1~-weighted images. Figure 1**Selection procedure selection of neuronal tracts.** (**A**) Selection of cortico-striatal and thalamo-cortical tracts. A tract was considered to intersect a nucleus (striatum or thalamus) if at least three tract points were inside the nucleus. For the cortex, only intersections with \<2 mm from the low band of cortical area were considered. (**B**) Selection of tracts among basal ganglia structures and thalamus. A tract was considered for the analysis, if it intersected the nucleus at least on the three points. Black crosses represent the tracts that were rejected.

For each subject 's', nucleus 'n' and gyrus 'r', surface connectivity measures C~s~(n,r) were computed as previously described ([@awu311-B32]). To take into account intra-subject variability, we normalized the connectivity measures by the number of whole brain tracts 'Ns' leading to normalized surface connectivity measures NC~s~(n,r): $$\text{NC}_{\text{v}}\text{(n,r)} = \text{C}_{\text{s}}\text{(n,r)}/\text{N}_{\text{s}}$$

We previously checked that the number of whole brain tracts is not statistically different between healthy subjects and patients with GTS. We used the normalized connectivity measures in the statistical analysis.

Computation of connections of striatum with globus pallidus and thalamus
------------------------------------------------------------------------

The thalamo-striatal, striato-pallidal and pallido-thalamic tracts in each subject and each hemisphere were computed using the same criteria applied for the reconstruction of cortico-striatal and thalamo-striatal connections. A tract was considered to intersect a nucleus if at least three tract points were inside this nucleus ([Fig. 1](#awu311-F1){ref-type="fig"}B).

For every subject, for each nucleus n~1~ and each nucleus n~2~, normalized connectivity measures NC(n~1~,n~2~) were computed by dividing the number of tracts linking n~1~ to n~2~ by the whole brain number of tracts. These normalized connectivity measures were used for the statistical analysis of the subject groups.

Computation of diffusion coefficients: fractional anisotropy and radial lambda
------------------------------------------------------------------------------

We further investigated scalar diffusion coefficients, i.e. fractional anisotropy and radial lambda (λ~⊥~), for the connections where statistically significant group differences were found. The coefficients were measured using fractional anisotropy and λ~⊥~ maps and volume connectivity maps representing in each voxel v the probability p~C~(v) of belonging to the tract C of interest. These probabilities were computed in each voxel by dividing the number of tracts going through the voxel by the whole brain tracts number.

For a given tract of interest, the measured scalar coefficients were obtained by averaging over the different voxels belonging to the tract the value of the scalar diffusion measure weighted by the probability of belonging to the tract. For example, for connections between the caudate nucleus and the thalamus, the measured fractional anisotropy coefficient was obtained as follows: where C represents the thalamo-caudate nucleus tract, FA(v) is a value of the fractional anisotropy in the voxel v and p~C~(v) the probability of the tract C in the voxel v.

Statistical analysis
--------------------

All statistical tests were performed using SPPSS v21 statistical software (IBM inc). Before analysis, all variables were tested for Gaussian distribution (Shapiro-Wilk test, *P* \< 0.05) and were transformed with square root transformation if necessary. Outlier data (\>3 SD above group mean) were removed.

We used mixed-measures ANOVA with group (controls and patients with GTS) as independent factor and variables of interest (volumes of structures, normalized connectivity measures, fractional anisotropy, λ~⊥~) as dependent factors. To access the effects related to age, gender ([@awu311-B19]) and treatment status in patients with GTS on white matter tracks, we included these variables as co-factors in a general linear model. The *post hoc* analysis was performed using Tukey's correction for multiple comparisons.

We performed a correlation analysis using partial correlation among severity of tics measured by YGTSS/50 and severity of OCD, measured by Y-BOCS/40, and values of different measures in the cortico-basal ganglia and within basal ganglia pathways with age, gender and treatment as factors of non-interest. To correct for multiple comparisons in correlation analysis, we used the FDR correction after Fisher's z-transformation of correlation coefficient r ([@awu311-B4]).

Results
=======

Patients with GTS
-----------------

The mean severity of tics (YGTSS/50, mean ± SD) was 16.8 ± 6.8. Thirteen patients with GTS also had mild co-morbid OCD (YBOCS/40 score, mean ± SD: 12.0 ± 5.9). None of the patients with GTS had associated ADHD or other major psychiatric co-morbidities. Of the patients with GTS, 44.9% were not medicated or under behavioural therapy at the time of study; 34.7% received medication with various neuroleptics (aripiprazole, pimozide, risperidone); 12.3% were treated with selective serotonin reuptake inhibitors for co-morbid OCD and 6.1% with benzodiazepines for anxiety disorders.

Basal ganglia volumes
---------------------

There was a main effect of Group \[*F*(1,73) = 5.390, *P* = 0.023\] and main effect of Structure (putamen, caudate nucleus, globus pallidus and thalamus) volume \[*F*(1,75) =1907.884, *P* \< 0.00001\] and Structure volume ×Hemisphere × Group interaction \[*F*(1,75) = 6.935, *P* =0.010\]. *Post hoc* analysis showed an enlargement of volumes of putamen in GTS: +4.97% on the left \[*F*(1,73) = 4.161, *P* = 0.045\] and +4.73% on the right \[*F*(1,73) = 4.078, *P* = 0.047\]. There was no statistically significant difference in volumes of other basal ganglia structures or thalamus. There were no effects of age, gender or treatment (all *P* \> 0.50) on basal ganglia volumes or correlations with YGTSS and Y-BOCS scores (all *P* \> 0.40).

Cortico-striatal and thalamo-striatal connections in GTS
--------------------------------------------------------

There was a main effect of Group \[*F*(1,221) = 3.922, *P* =0.049\] and Region × Group interaction \[*F*(1,221) =5.466, *P* = 0.020\]. *Post hoc* analysis showed that 14 of 34 cortical regions in GTS had abnormally enhanced structural connectivity between the striatum and thalamus in the left hemisphere (LH) \[main effect of group: *F*(1,227) =2.989, *P* = 0.001\] and seven regions in the right hemisphere (RH) \[main effect of group: *F*(1,227) = 2.065, *P* = 0.002\]. Fusiform gyrus, anterior and middle cingulate cortex had diminished connections with the striatum and thalamus in the left hemisphere ([Table 1](#awu311-T1){ref-type="table"} and [Fig. 2](#awu311-F2){ref-type="fig"}A--C). Figure 2**Cortico-striatal and thalamo-striatal tracts.** (**A** and **B**) Individual level: (**A**) GTS patient, (**B**) healthy control. The *top row* represents the right hemisphere and the *bottom row* the left hemisphere. (**C**) Differences on group level analysis: in red are the cortical areas with enhanced structural connectivity in patients with GTS compared to controls; in blue are the cortical areas with diminished structural connectivity in patients with GTS compared to controls. The differences in structural connectivity of both hemispheres are projected to the cortical areas of the left hemisphere. Table 1Abnormal structural connectivity of cortico-striatal and thalamo-cortical pathways in patients with GTSCortical areaSideConnectivityF*P*FAF*P***λ⊥**F*P*Temporo-parietal junctionL↑8.228\<0.0001↑6.1890.014R↑3.9840.009Anterior cingulate cortexL↓5.6640.001↑4.1510.043↓6.6820.010Fusiform gurusL↓3.0470.030↑10.6950.001↓7.7770.006R↑8.3000.004Inferior parietal cortexL↑9.589\<0.0001R↑7.513\<0.0001↑6.0290.015Lateral orbito-frontal cortexL↑3.5830.015↓7.4160.007R↑2.7880.041Medial orbito-frontal cortexL↑3.3790.019↑7.9150.005↓16.001\<0.0001Middle temporal cortexL↑6.1230.001↑8.4730.004R↑3.7240.012Paracentral lobule and SMAL↑2.9480.034↑9.7920.002Inferior frontal gurusL↑6.395\<0.0001R↑5.9830.001Primary sensory cortexL↑6.874\<0.0001↓5.2770.023R↑6.289\<0.0001Middle cingulate cortexL↓2.8030.041↓3.9290.049Primary motor cortexL↑3.6120.014↑5.6680.018↓10.366\< 0.0001Frontal poleL↑3.7810.011R↑5.7560.001Superior parietal cortexL↑4.9480.002R↑9.346\<0.0001[^3]

There was no effect of age in both groups (both *P* \>0.10). We found the effect of gender in GTS \[*F*(1,145) =7.599; *P* = 0.007\] and GTS × Gender interaction \[*F*(1,145) = 4.594, *P* = 0.034\] but not effect of gender in controls \[*F*(1,81) = 0.275; *P* = 0.601\].

On *post hoc* analysis, in GTS females compared to males, there were more connections between the striatum, thalamus and the cortical areas as follows: temporal junction \[LH: *F*(1,45) = 19.678, RH: *F*(1,45) = 10.674, both *P* \<0.0001\], inferior \[LH: *F*(1,45) = 21.864, RH: *F*(1,45) =17.585, both *P* \< 0.0001\] and superior parietal cortices \[LH: *F*(1,45) = 14.907, *P* \< 0.0001\], lateral orbito-frontal cortex \[LH: *F*(1,45) = 5.717, *P* = 0.018; RH: *F*(1,45) =9.083, *P* = 0.003\], middle temporal cortex \[LH: *F*(1,45) = 20.740, *P* \< 0.0001; RH: *F*(1,45) = 10.285, *P* =0.002\], primary sensory \[LH: *F*(1,45) = 12.175, *P* = 0.001\] and motor cortices \[LH: *F*(1,45) = 13.163, *P* \< 0.0001\]. There was no effect of treatment on cortico-striatal and cortico-thalamic connections in GTS \[*F*(1,143) = 0.165, *P* = 0.685\].

Connexions among basal ganglia structures and thalamus in GTS
-------------------------------------------------------------

Striato-pallidal, including putamino-pallidal and caudo-pallidal pathways, as well as thalamo-striatal (thalamo-putaminal and thalamo-caudal) and pallido-thalamic pathways in both hemispheres were included in the statistical analysis. There was a main effect of Group \[*F*(1,75) =26.854, *P* \< 0.001\], main effect of Pathway \[*F*(1,75) = 1000.116, *P* \< 0.0001\] and Group × Pathway × Hemisphere interaction \[*F*(1,75) = 5.493, *P* = 0.021\].

In *post hoc* analysis, in patients with GTS there was an elevated proportion of structural connections between the thalamus and the putamen bilaterally \[LH: *F*(1,75) = 4.153, *P* = 0.045; RH: *F*(1,75) = 5.875, *P* = 0.018\] and a trend to more structural connections between putamen and globus pallidus on the left \[*F*(1,75) = 4.140, *P* = 0.063\] ([Fig. 3](#awu311-F3){ref-type="fig"}). Figure 3**Individual thalamo-strital and striato-pallidal connections in patients with GTS and controls**. *Top row*: The density of connections map on individual level; *Bottom row*: Thalamo-striatal and striato-pallidal connections on individual level. Only connections with statistically significant difference in structural connectivity on group level are illustrated. L = left; R = right; Thal-Pu(t) = thalamo-putaminal connections; Put-GP = putamen-globus pallidus connections.

There was no effect of gender on thalamo-putaminal connections in any group (both *P* \> 0.17). There was an effect of age in controls \[*F*(1,25) = 5.249, *P* = 0.031\] but not in patients with GTS \[*F*(1,45) = 1.560, *P* = 0.218\]. There was no effect of treatment \[*F*(1,45) = 0.221, *P* = 0.641\] in patients with GTS.

Measures of fractional anisotropy and radial lambda in the CSPTC network
------------------------------------------------------------------------

To further evaluate the microstructural integrity of white matter pathways, we also computed the fractional anisotropy and the radial lambda (λ~⊥~) in the cortico-striatal, thalamo-cortical, striato-pallidal, thalamo-striatal and pallido-thalamic pathways.

For cortico-striatal and thalamo-cortical pathways, there was a main effect of GTS diagnosis \[fractional anisotropy: *F*(1,227) = 6.000, *P* \< 0.001; λ⊥: *F*(1,227) = 5.445, *P* \< 0.001\], where in *post hoc* comparisons, patients with GTS had elevated fractional anisotropy and diminished values of λ⊥ in the tracts connecting the cortex with the striatum and thalamus ([Table 1](#awu311-T1){ref-type="table"}).

There was no effect of gender (both groups, *P* \> 0.05) but there was an effect of age \[healthy controls: *F*(1,81) =5.52, *P* = 0.020; GTS: *F*(1,144) = 12.300, *P* \< 0.001\] on the fractional anisotropy. In GTS, there was an effect of gender \[*F*(1,144) = 15.757, *P* \< 0.001\] and age \[*F*(1,144) =6.389, *P* = 0.013\] on λ⊥, which was absent in healthy controls (both *P* \> 0.1). There was no effect of treatment on fractional anisotropy \[*F*(1,45) = 0.002, *P* = 0.963\] or on λ⊥ \[*F*(1,45) = 0.019, *P* = 0.889\] in cortico-striatal and cortico-thalamic tracts in GTS.

In basal ganglia pathways, we found elevated fractional anisotropy in the left thalamo-putaminal tract \[*F*(1,74) = 5.325, *P* = 0.022\], diminished λ⊥ in the left thalamo-putaminal tract \[*F*(1,74) = 6.43, *P* = 0.013\] and a trend for elevated λ⊥ in the left pallido-thalamic tract \[*F*(1,73) = 3.091, *P* = 0.061\] in patients with GTS compared to healthy controls. There were no differences based on age or gender in both groups on these pathways. In patients with GTS, there was no effect of treatment on these pathways.

Correlations of structural changes in CSPTC networks with severity of tics and OCD
----------------------------------------------------------------------------------

The severity of tics measured by the YGTSS/50 positively correlated with cortico-striatal, thalamo-cortical pathways and with the structural connectivity between the putamen and the thalamus as listed in [Table 2](#awu311-T2){ref-type="table"}. We did not find any statistically significant correlations between YGTSS sub-scores and structural connectivity values in cortico-striatal and thalamo-cortical pathways (all *P* \> 0.05). Table 2Correlations of structural changes with severity of tics and OCD symptoms in patients with GTSRegionHemisphererZ-score*P*-value**Yale Global Tics Severity Scale (YGTSS/50):Cortico-striatal and thalamo-cortical pathways:**Inferior frontal gyrusL0.1892.250.012R0.1752.080.018Primary motor cortexL0.1692.010.022R0.1671.980.023Supplementary motor area (ventral part)L0.1681.990.023Cingulate cortex (middle part)L−0.1702.020.021**Within basal ganglia structures:**Thalamo-putaminal tractL0.2703.26\<0.005R0.3784.09\<0.0001**Yale Brown Obsessive Compulsive scale (Y-BOCS/40):Cortico-striatal and thalamo-cortical pathways:**Orbito-frontal cortex (anterior part)R0.2042.430.007Orbito-frontal cortex (medial part)R0.2212.640.004**Within basal ganglia structures:**Thalamo-putaminal tractL0.3043.70\< 0.0001[^4]

OCD symptom severity measured by the Y-BOCS was positively correlated with structural connectivity of the striatum with the orbito-frontal cortex and the left thalamo-putaminal tract ([Table 2](#awu311-T2){ref-type="table"}).

Discussion
==========

In patients with GTS, we showed white matter abnormalities in pathways connecting cerebral cortex, basal ganglia and thalamus. Namely, a greater volume of putamen was associated with greater numbers of connections with cortical areas, thalamus and globus pallidus. Moreover, the cortico-striatal pathways were also characterized by elevated fractional anisotropy and diminished radial diffusivity, suggesting microstructural axonal abnormalities of white matter tracts in patients with GTS. Our data also showed a possible gender dimorphism in GTS as these changes were more prominent in females with GTS compared to males and were not related to the current medication status.

Abnormal cortical connections with striatum and thalamus in GTS
---------------------------------------------------------------

A novel diffusion tensor imaging approach used in this study allowed us to project the connectivity of each basal ganglia structure directly onto the cortical surface. We were able to determine a selective region-specific alteration of cortical connections with the striatum and thalamus and to quantify connectivity differences between basal ganglia structures and cortical areas.

Indeed, previous studies using probabilistic diffusion tractography and tract-based spatial statistics methods have already pointed to widespread white matter abnormalities in adult patients with GTS, including corpus callosum, anterior capsula, inferior fronto-occipital fasciculus, the superior longitudinal fasciculus and fasculus uncinatus ([@awu311-B39]) and cortico-striatal networks ([@awu311-B16]). Convergent with these results, our data also showed that several cortical regions had abnormal structural connectivity with the striatum and the thalamus in GTS. Specifically, in the motor pathway, primary motor and sensory cortices, as well as paracentral lobule, supplementary motor area and parietal cortices had abnormally enhanced structural connectivity with the striatum and thalamus. The enhanced connectivity of motor cortex and supplementary motor area positively correlated with tic severity and was independent of the current medication status, age or gender of the patients with GTS. These results corroborate numerous structural and functional neuroimaging studies (for reviews see [@awu311-B47]; [@awu311-B14]), which suggested primary grey matter abnormalities in motor pathway related to tics. Nonetheless, previous studies using deterministic diffusion tensor imaging methods showed discrepant results with both enhanced ([@awu311-B56]) and no difference ([@awu311-B55]) in white matter underlying sensorimotor cortex. Another study on adult patients with GTS showed reduction of structural connectivity of the supplementary motor cortex with the striatum, which also negatively predicted severity of tics ([@awu311-B5]). The discrepancy with our data could result from methodological differences (data preprocessing, artefacts correction and diffusion tensor imaging models applied) and small groups (*n* = 15) of patients with GTS included in these studies.

Beyond motor pathways, several cortical areas, namely lateral and medial orbito-frontal, inferior frontal, as well as temporo-parietal junction, medial temporal and frontal pole had enhanced structural connections with the striatum and thalamus in GTS independently of the severity of tics (i.e. no correlation with the YGTSS). Structural abnormalities in frontal, parietal and cingulate cortex have been previously described in GTS ([@awu311-B38]; [@awu311-B59]) and could be potentially related to expression of complex tics ([@awu311-B60]). Nonetheless, we did not find a correlation of complexity subscores of the YGTSS with structural changes in these white matter pathways. Alternatively, taking into account that these cortical areas are largely involved in behavioural stopping and switching ([@awu311-B1]; [@awu311-B54]; [@awu311-B46]) and that patients with GTS often display an enhanced cognitive control over their movements ([@awu311-B37]), white matter structural changes could also reflect plastic brain reorganization in GTS, as was suggested by previous studies ([@awu311-B20]).

Finally, some of these structural changes could be related to the presence of co-morbidities. Indeed, the severity of OCD in adult patients with GTS was positively correlated to structural connections of the striatum and thalamus with the medial orbito-frontal cortex, which is in line with previous studies showing orbito-frontal cortex involvement in OCD without tics ([@awu311-B48]; [@awu311-B36]).

Interestingly, we found a sexual dimorphism in cortico-striatal and thalamo-cortical pathways with more structural connections in females with GTS compared to males. Previous studies pointed to sexual dimorphism in the clinical presentation in GTS ([@awu311-B28]; [@awu311-B49]). Gender differences were also evidenced on cortical and basal ganglia structure levels in structural neuroimaging studies in children with GTS and to a less extent in adults with GTS ([@awu311-B64]; [@awu311-B44]; [@awu311-B13]). Our data extend these findings to white matter and cortico-striatal and thalamo-cortical pathways.

Microstructural changes of cortico-striatal white matter pathways in GTS
------------------------------------------------------------------------

Another characteristic of cortico-striatal pathways in GTS was increased values of fractional anisotropy and decreased values of radial diffusivity. These diffusion coefficients are suggested to reflect the microstructural organization of white matter. In particular, studies of histological-radiological correlations in animal models pointed to the strong relationship of radial diffusivity with myelin density, where the lack of myelin is indexed by increase of radial diffusivity ([@awu311-B52]; [@awu311-B21]). In contrast, fractional anisotropy was shown to be more related to axonal package density and less to myelin ensheathment ([@awu311-B58]). So far, our data could suggest a higher axonal density and dysmyelination (with potential enlargement of myelin sheets) of cortico-striatal pathways in patients with GTS. Alternatively, a lower angular dispersion of axon directionality as well as alterations of the extra-axonal space in GTS patients could also be considered. More complex diffusion microstructural models such as CHARMED (Composite Hindered and Restricted Model of Diffusion) or AxCaliber ([@awu311-B2]) could indeed address the question of axonal diameters in patients with GTS with greater precision; nonetheless the clinical application of these models is restricted by a long duration of data acquisition, which is difficult for patients with tics. A recently developed Myelin Water Fraction mapping technique could also be used in further studies to better quantify myelin ensheathment ([@awu311-B7]).

Abnormal thalamo-striatal connections in GTS
--------------------------------------------

In basal ganglia pathways, we found enhanced structural connectivity in thalamo-putaminal pathways bilaterally. In addition, we found a strong positive correlation of structural changes in thalamo-putaminal tracts with severity of tics. As a large part of the putamen is involved in the processing of motor information ([@awu311-B40]), the present data support the involvement of motor network in the genesis of tics. To date, the exact information flow along thalamo-striatal pathways and its functional relevance for basal ganglia function remains largely unknown. Several studies suggested that thalamo-striatal projections might play the role of positive reinforcer for striatal neurons involved in performing a selected behaviour ([@awu311-B51]) or in monitoring of 'top-down' control through modulation of activity of cortico-basal ganglia loops ([@awu311-B24]).

These white matter structural changes were also associated with larger volumes of putamen in both hemispheres. Enlargement of putaminal volume has already been reported in children ([@awu311-B30]) but not in adults with GTS. Nonetheless, previous studies on a large group of patients with GTS with an extensive age range ([@awu311-B45]) showed that age-related reduction of basal ganglia volumes was smaller in adult patients with GTS compared to controls. Accordingly, our findings could potentially reflect the slower reduction in putaminal volume in GTS compared to age-matched controls, which support the slower brain maturation hypothesis of GTS. Nonetheless, we cannot completely exclude that enlargement of putaminal volumes results from exposure to neuroleptics, even over a short period of time, as was suggested by previous studies ([@awu311-B45]).

Conclusion
==========

Using a novel diffusion tensor imaging method and large patient group, we showed structural abnormalities in cortico-striato-pallido-thalamic white matter pathways in patients with GTS compared to healthy controls. These structural abnormalities could arise from a higher density and myelin ensheathment of neuronal axons and potentially result from abnormal trajectory of brain maturation in GTS and a failure of plastic compensatory brain mechanisms. Further DTI studies with advanced models will be required to answer these questions. Also, it is worth mentioning that these results reflect structural changes in adult patients with GTS, which likely would differ from those that could be observed in children with GTS ([@awu311-B47]).
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CSPTC

:   cortico-striato-pallido-thalamo-cortical

GTS

:   Gilles de la Tourette syndrome

OCD

:   obsessive-compulsive disorder

Y-BOCS

:   Yale Brown Obsessive Compulsive scale

YGTSS

:   Yale Global Tics Severity Scale

[^1]: \*These authors contributed equally to this work.

[^2]: See Draper and Jackson (doi:10.1093/brain/awu338) for a scientific commentary on this article.

[^3]: L = left hemisphere, R = right hemisphere; ↑ = enhanced structural connectivity in GTS compared to healthy controls; ↓ = diminished structural connectivity in GTS compared to healthy controls; FA = fractional anisotropy; λ~⊥~ = radial diffusivity coefficient; SMA = supplementary motor cortex.

[^4]: L = left hemisphere; R = right hemisphere.
